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Abstract: X-ray diffraction and scanning electron microscopy were used to study changes in the
structure of amorphous alloys under deformation by high-pressure torsion and multiple rolling.
The change in mean nearest neighbor distance (the radius of the first coordination sphere) under
deformation was determined. During deformation, shear bands are formed in amorphous alloys,
which are regions of lower density compared to the surrounding undeformed amorphous matrix.
Shear bands are zones of increased free volume, in which crystallization processes are facilitated. The
change in the proportion of free volume under deformation of various types was estimated. The
formation of shear bands leads to the appearance of steps on the surface of the samples. The number
of shear bands and the surface morphology of deformed amorphous alloys were determined by the
type of deformation and the physical properties of the material. The results obtained are discussed
within the concept of free volume in the amorphous phase.
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1. Introduction

Amorphous metal alloys have an unusual structure for alloys and a number of excel-
lent physical properties [1,2]. They can also serve as a precursor for creating a composite
amorphous–nanocrystalline structure. The structure of amorphous materials, its depen-
dence on the conditions of preparation, and the effect of heat treatment and deformation
on the evolution of an amorphous structure and the formation of nanocrystals in it have
been the subject of many studies [3–10]. When an amorphous–nanocrystalline structure is
formed, a lot of properties improve [11,12]. The parameters of the nanostructure formed
during the crystallization of the amorphous phase depend significantly on the conditions
for nanocrystal formation. When nanocrystals are formed during heat treatment, their size
turns out to be larger than when they are formed during deformation. Moreover, in the first
case, the fraction of nanocrystals turns out to be smaller [13,14]. To elucidate the reasons for
this difference, it is necessary to study changes in the structure of the amorphous phase that
occur during heating and deformation. It was previously shown that heat treatment could
change the type of short-range order in the amorphous phase [15–18], the formation of
ordered regions [19–21], the redistribution of one or more components [22–25], and the for-
mation of a heterogeneous amorphous structure. The heterogeneous amorphous structure
formed during heat treatment is due to the inhomogeneous distribution of alloy compo-
nents. These changes can also occur during the deformation of amorphous alloys [26–30];
however, the most significant changes in the structure are due to the formation of shear
bands. Previously, it was found that deformation in amorphous alloys occurred through
strongly localized plastic strain in shear bands [31–38]. The thickness of shear bands was
5–20 nm [36,37]. Deformation often results in the branching of shear bands [33]. However,
shear bands can be noticeably thicker, and structural changes can propagate up to 200 nm
from the shear bands [27,39]. In fact, this means that the deformation of amorphous alloys
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also results in a heterogeneous amorphous structure [35,36,40]. During deformation, reju-
venation of the amorphous structure is also possible [41–43]. On the surface of the sample,
shear bands appear in the form of steps, which are the places where shear bands emerge on
the surface. It was found that an increase in the degree of deformation led to an increase
in surface roughness, an increase in the height of steps, and, under certain conditions, the
formation of nanocrystals [44].

It is known that the structure of shear bands is characterized by enhanced free volume
content [34,37,40,41,45] and that the diffusion coefficient is several orders of magnitude
higher than that in the surrounding amorphous matrix [45]. The change in the density in
shear bands was estimated to be ~10% [24,31]. Under deformation, the crystallization of
the amorphous phase begins in shear bands, which is usually associated with the higher
mobility of atoms in regions with lower density. Free volume is defined as the enhanced
space for the movement of atoms under external actions. A lot of studies [46–55] have been
devoted to investigation of the effect of free volume on the structure and properties of a
material, and, at present, the concept of free volume is widely used to explain the various
properties of metallic glasses. To determine a change in the amount of free volume under
various effects on the structure, the method of X-ray diffraction is used most often [28,49,52].
A shift in the position of the main diffuse maximum in X-ray patterns due to heat treatment
or deformation means a change in the mean nearest neighbor distance in the amorphous
phase, which characterizes a decrease or increase in the free volume fraction in the structure.

The investigation of structural changes during deformation processing in combination
with the analysis of steps on the surface (number, location, and other characteristics) can
enable estimation of the proportion of deformed material. This work aimed to study
changes in the structure of amorphous alloys during deformation.

2. Materials and Methods

The structure of amorphous Al-, Fe-, and Zr-based alloys was studied. These alloys are
among the most widely studied amorphous and nanocrystalline materials and belong to dif-
ferent groups of alloys. Amorphous Al-Ni-Y and Al-Ni-La alloys are typical representatives
of a group of light high-strength materials from the Al-TM-RE group (TM—transition metal,
RE—Y, Yb, La, Gd) [2,6,13,14,21,34,37]; amorphous Fe77Si13B10 alloy is a high-induction
amorphous magnetic material that serves as the basis for Finemet-type nanocrystalline
materials and belongs to the group of the most widely studied ferromagnetic amorphous
alloys [4,11,12,18,36]. Amorphous Zr62.5Cu22.5Al10Fe5 alloy refers to the most common
alloys that can be obtained as a bulk metallic glass [7,26–29,38].

The compositions of the amorphous alloys after melt quenching are given below. The
composition of the alloys was monitored using local X-ray microanalysis by means of a
Zeiss Supra 50VP scanning electron microscope. The accuracy of determining composi-
tion for all components, except for boron, was about 0.1%. Samples of the amorphous
Zr62.5Cu22.5Al10Fe5 alloy were prepared as ribbons and rods (bulk metallic glass, BMG).
Ingots of the Zr62.5Cu22.5Al10Fe5 alloys were made via arc melting using pure (>99.9%)
components in a pure argon atmosphere with a Ti getter. The BMG samples were pre-
pared through quenching into a copper mold. The diameter of the rods was 8 mm. The
ribbons of all the studied compositions (Zr-, Al-, and Fe-based alloys) were prepared via
melt spinning onto a rapidly rotating wheel. The cooling rate was about 106 K/s. The
thickness of the Zr62.5Cu22.5Al10Fe5 ribbons was about 50 µm. Ingots of the Al-Ni-La(Y)
alloys (6–10 at.% Ni and 2–5 at.% La or Y) were prepared via arc melting in eliminated
argon from elemental Al (99.99%) and Ni (99.9%) and the Al3La(or Y) (99.7%) compound.
Amorphous ribbons with a thickness of about 50 µm and a width of 15 mm were obtained
via melt spinning in a helium atmosphere. Alloy ingots with nominal compositions of
Fe77Si13B10 were prepared through the arc melting of a mixture of Fe (99.9%), Si (99.9%),
and B (99.9%); they were melted three times to homogenization before melt spinning in a
high-purity argon atmosphere. The width of the ribbons was 1 cm, and the thickness was
about 30 µm. The samples were deformed by high-pressure torsion (HPT) and multiple
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rolling at room temperature. In the first method (HPT), the specimen was placed between
two punches, the lower of which was rotated. The degree of deformation varies along the
sample radius. Areas near the edge of the sample (in the periphery) are subjected to the
greatest deformation; the center of the sample remains practically non-deformed. During
repeated rolling, the near-surface regions of the sample are deformed to the greatest extent,
while the regions located far from the surface are deformed to a lesser extent. The value of
true deformation under HPT is noticeably greater than under multiple rolling. The BMG
samples were cut into disks with a thickness of 0.5 mm and polished before deformation.
The deformation was carried out at a pressure of 4–6 GPa at a rate of 1 rotation per minute.
Cold rolling of the samples was performed in a VEB Schwermaschinenbau four-roll mill
using the multiple rolling technique, with the number of rolling passes being 1–150. The
level of true deformation was calculated by Formula (1) [56,57]:

e = ln
(

1 +
( ϕ·r

h

)2
)0.5

+ ln(
h0

h
) (1)

where r is the radius of a sample, ϕ is the angle of punch rotation, h0 is the initial thickness of
a sample, and h is the thickness of a sample after deformation. The samples were subjected
to isothermal annealing in a temperature range of 100–300 ◦C for different time intervals.

The structure of the samples was investigated by transmission electron microscopy
(TEM), scanning electron microscopy (SEM), and X-ray diffraction (XRD) with Cu Kα

and Co Kα radiations. Standard computer programs were used for processing the X-ray
diffraction spectra (smoothing, background correction, etc.). X-ray diffraction studies were
carried out on Siemens D-500 and RigakuSmartLab SE diffractometers, with the scanning
step being 0.02◦. Initial studies were carried out using Cu Kα radiation (wavelength
λ = 1.5406 Å). However, since an important part of the investigation was the analysis of
the diffuse peak profile (its width and position), X-ray diffraction studies were also carried
out using Co Kα radiation. The wavelength of Co Kα radiation (λ = 1.789 Å) is longer
than that of Cu Kα radiation, which allows for “stretching” of the diffuse maximum and
the ability to study it more carefully. Figure 1 shows the XRD patterns (region of the first
diffuse maximum) for the amorphous Al88Ni6Y6 alloy after annealing (1) and rolling (2),
obtained using Cu Kα (left curves) and CoKα (right curves) radiation.
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Figure 1. The XRD patterns of amorphous Al88Ni6Y6 alloy after annealing (1) and rolling (2), with
alloys obtained using Cu Kα (left curves) and Co Kα (right curves) radiation.

It can be seen that the right maxima are wider than the left ones, and the changes in
the positions of peaks 1 and 2 in the right part of the figure are more pronounced. It is
easy to calculate that, in the region where the first diffuse maxima exist (in the angular
region 30 < 2θ < 60), the change in the corresponding interplanar (or interatomic) spacing
is 1.431 Å for Cu Kα radiation and 1.675 Å for Co Kα radiation. This means that the change
in the interplanar distance per 1◦ (angular degree) is 0.056 Å and 0.048 Å for Co Kα and
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Cu Kα radiation, respectively. This means that under the same collimation conditions, the
difference in the accuracy of determining the position of the diffuse maximum when using
Co Kα radiation is 17% higher than when using Cu Kα radiation.

To obtain more information about the structure of the amorphous phase, the partial
radial distribution functions can be calculated. For a binary alloy A-B, this means the
calculation of several functions for the AA, AB, BA, and BB pairs of atoms. The structure
factor calculated from the experimental scattering curves for a two-component alloy is
the following:

S(Q) = (1/<b>2){c2
Ab2

ASAA(Q) + 2 cA cB bA bB SAB(Q) + c2
Bb2

BSBB(Q)} (2)

where bA and bB are the amplitudes of coherent scattering of atoms A and B, cA and cB are
the atomic concentrations of components A and B, <b> = cAbA + cBbB, and Q = 4π sin θ/λ
(2θ is the scattering angle, λ is the wavelength).

This function is a superposition of the partial functions SAA(Q), SAB(Q), and SBB(Q)
corresponding to the pair correlations of the A-A, A-B, and B-B components. It is clear
that to determine the partial structural factors, it is necessary to obtain a system of three
equations with different values of bA or bB, which requires several independent experiments,
such as the use of radiation of different types (X-rays, neutrons, electrons).

There are various ways of defining the total structure factor S(Q), which are called the
Faber–Ziman and Bhatia–Thornton formalisms. According to Faber and Ziman [58], partial
structure factors describe correlations between the atoms of various chemical elements
in the alloy. Formalism of Bhatia and Thornton [59,60] allows for correlations between
atoms to be described by the number and sort of neighboring atoms. In fact, partial RDFs
describe either correlations between atoms of individual chemical elements (according to
Faber–Ziman) or topological short-range order, regardless of the chemical type of an atom
(according to Bhatia–Thornton). At present, methods for constructing complete and partial
radial distribution functions are not used very often, although it should be noted [61–63].
The latter work is especially interesting in that the authors showed the presence of strong
chemical ordering in a liquid and amorphous zirconium-based alloy and estimated the
stability of the short-range and medium-range order. In the vast majority of cases, when
analyzing the structure of metallic glasses, only the radius of the first coordination sphere
and its changes under various kinds of influences are estimated. In combination with other
research methods, this approach is more productive. Therefore, below we will consider
changes in the radius of the first coordination sphere.

The radius of the first coordination sphere, R1 (the mean nearest neighbor distance),
was determined from the position of the main maximum of the scattering curve using the
Ehrenfest equation [64]:

2R1 sin θ = 1.23 λ (3)

where λ is the wavelength of the radiation used and θ is the angular position of the
maximum of the scattering curve.

To estimate the proportion of free volume, ∆V, the well-known formula was used:

∆V = (Rdef
3 − Rini

3)/Rini
3 × 100% (4)

where Rdef and Rini are the radii of the first coordination sphere of the deformed and initial
(as-prepared) samples, respectively.

3. Results and Discussion

After quenching, all alloys were amorphous. Figures 2–4 shows TEM images of as-
prepared amorphous alloys after quenching. The images and diffraction in the figures
do not show any signs of crystalline phases. These data and the presence of only diffuse
reflections in the X-ray diffraction patterns (below) make it possible to reliably establish
that the structure of the sample is amorphous.
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Determination of the mean nearest neighbor distance in the amorphous phase was
based on the following measurements. As is known, the prevalence of frequency scattering
by the amorphous phase is determined by the following formula [64]:

I(S) = NF2(S) {1 +
∞∫

0

4πR2[ρ(R)− ρ0]((sinSR)/SR) dR} (5)
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where N is the total number of atoms per volume unit, F(S) is the scattering amplitude, ρ(R)
is the number of atoms per volume unit located at distance R from the selected atom, ρ0 is
the average number of atoms per volume unit, and S is the magnitude of the wave vector.
The sequence of maxima of the function I(S) is determined by the sequence of maxima
of the function sin (SR)/SR. This function has peaks at SR values of 7.73, 14.06, 20.46, etc.
It is easy to determine that the radius of the first coordination sphere (the mean nearest
neighbor distance) is the following:

R1 = 7.73/S1 = 14.06/S2 = 20.46/S3 (6)

This means that the radius of the first coordination sphere can be determined from the
value of the wave vector corresponding to any maximum of the scattering intensity curve
using Formula (2). Since the first maximum of the scattering curve is the most intense, its
position is usually used to determine the radius of the first coordination sphere.

Figure 5 shows an X-ray diffraction pattern of the amorphous Zr62.5Cu22.5Al10Fe5 alloy
immediately after quenching. It is typical. Below we will analyze the region near the first
diffuse maximum.
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the region of smaller angles is observed. Figure 6 illustrates XRD patterns of the 
Zr62.5Cu22.5Al10Fe5 alloy before (1) and after (2) deformation (the region of the first diffuse 
maximum). The curves are shifted along the y-axis for clarity. It can be seen that the peak 
shift is small, but the results are reproducible with repeated surveys. After deformation, 
the radius of the first coordination sphere is R1 = 3.003 Ǻ. The increase in the radius of the 
first coordination sphere after deformation is ΔR1 = 0.005 Ǻ. .
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Similar results were obtained in the study of samples of the same alloy when prepared
as a ribbon. The radius of the first coordination sphere for the ribbons of the amorphous
Zr62.5Cu22.5Al10Fe5 alloy is the same as for the rods. After deformation by the HPT method
(30 rotations), R1 = 3.028
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Table 1. Changes in the radius of the first coordination sphere (∆R1) and the value of free volume as
a result of deformation.

Chemical Composition,
Sample Type Deformation Conditions ∆R1,
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An increase in the degree of deformation (by increasing the number of anvil rotations)
leads to a greater change in the radius of the first coordination sphere. With an increase
in the number of anvil rotations from one to five, the change in the radius of the first
coordination sphere in the Fe77Si13B10 alloy increases to ∆R1 = 0.007
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both bulk amorphous alloys and amorphous ribbons. In the case of the above amorphous
Fe77Si13B10 alloy, after rolling, the changes were noticeably smaller and amounted to
∆R1 = 0.001
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A more complicated situation arises in the study of amorphous Al-based alloys. The
issue is related to the fact that, during the deformation of the amorphous phase of Al-TM-
RE alloys (TM—transition metal, RE—rare earth metal), amorphous phase decomposition
(separation) often occurs and a heterogeneous amorphous structure is formed. This hetero-
geneous amorphous structure consists of regions enriched or depleted in terms of one of
the alloy components. In this case, the observed shift of the diffuse maximum to smaller
angles is due to the appearance of amorphous regions enriched in the component with
the largest atomic size (in these systems, this is an atom of a rare-earth element). It should
be noted that the approach considered here is valid, first of all, for metallic glasses. In a
number of oxide glasses or in one-component systems (liquid Sn or Ge); therefore, the
origin of peak asymmetry may be more complicated. Figure 8 shows an X-ray diffraction
pattern of the Al87Ni8La5 amorphous alloy after rolling (thickness change (ho-h)/ho = 35%).
It is clearly seen that it is asymmetric and, obviously, is a superposition of two maxima.
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Figure 9 depicts an XRD pattern (the region of the first diffuse maximum) of the
amorphous Al87Ni8La5 alloy annealed at 150 ◦C for 5 h. As in the XRD pattern of the rolled
sample, the diffuse maximum is asymmetric and is a superposition of two maxima. The
different position of the two subpeaks indicates that the sample contains regions that differ
in composition. Based on an analysis of the atomic size and composition of metallic glass,
it is easy to conclude that the two diffuse maxima correspond to regions enriched and
depleted in yttrium (and/or nickel). Curves 3 and 4 in Figure 9 correspond to amorphous
phases enriched (3) and depleted (4) in terms of a rare-earth component, and curve 2 is the
sum of curves 3 and 4. It can be seen that the total X-ray diffraction pattern (2) is in good
agreement with the experimental curve (1).
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(1—experimental curve, 2—approximation, which is the sum of curves 3 and 4).

Figure 10 shows XRD patterns of the amorphous Al88Ni6Y6 alloy annealed at 100 ◦C for
30 h (1) and rolled by 40% (2). For this alloy, the values of ∆R1 given in Table 1 correspond
to the first (left) sub-peak. It is clearly seen here that both heat treatment and deformation
of the amorphous alloy lead to the formation of regions of different chemical composition.
Similar changes were observed in a number of other studies [24,65–67]. Changes in X-ray
diffraction patterns depend on the deformation or annealing conditions and increase
with increasing heat treatment time [24] or the degree of deformation. Although electron
microscopic studies demonstrate that numerous shear bands are also formed in these alloys
under deformation, it is impossible to distinguish their effect correctly. It is important to
note that the changes in the radius of the first coordination sphere corresponding to the
left subpeak turn out to be much larger than those in Fe- or Zr-based alloys and mainly
reflect the formation of a new amorphous phase enriched in a rare-earth component,
rather than the contribution of shear bands. The amount of separation can be different; it
depends on the type and degree of deformation, temperature, and the duration of annealing.
However, in any case, the formation of a heterogeneous structure is a factor that makes it
difficult to correctly determine the change in the average distance between atoms due to
the free volume.
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Figure 10. XRD patterns (Co Kα radiation) of the annealed Al88Ni6Y6 ribbon after annealing (1) and
rolling (2).

Using Formula (4) and the values of the radii of the first coordination sphere and
their changes, it is possible to determine the change in the free volume in the amorphous
structure that results from deformation by the high-pressure torsion (HPT) and multiple
rolling (MR) methods. The data obtained are listed in Table 1.

The value of the radius of the first coordination sphere, of course, depends on the
size of the alloy atoms, and its change depends on the degree of deformation. It should be
noted that a change in the free volume value also depends on the conditions for obtaining
the sample. When preparing amorphous alloys using the melt spinning method, the
structure of the melt actually freezes. Since the structure and density of the melt depend on
temperature, the density of the amorphous phase will also depend on the temperature of
the melt before quenching and the cooling rate. The value of the frozen free volume in this
case will also be determined by these parameters, as well as by the prehistory of the sample
before deformation onset. For example, during aging, structural relaxation processes are
possible, leading to a decrease in free volume [68–71]. Therefore, when studying the effect
of external actions on the change in free volume, it is crucial to carry out structural studies
immediately before the onset of deformation or heat treatment and immediately after
their completion.

As mentioned above, changes in free volume during the deformation of amorphous
alloys are due to the formation of shear bands (regions of localization of plastic deforma-
tion), which depends on both the degree of deformation and the elastic constants of the
material. After deformation, the structure of the sample is actually a nanoglass consisting
of amorphous regions with the amorphous phase that did not change under deformation
and amorphous regions of reduced density (shear bands). Therefore, the radius of the first
coordination sphere (R1) determined above is averaged as follows:

R1 = (a R1sample + b R1shear bands) (7)

where a and b are the volume fractions of the unchanged amorphous phase and shear
bands, respectively. Since the volume fraction of shear bands is small, the change in the
average radius of the first coordination sphere

∆R1 = R1def − R1ini (8)

should be small, which is observed experimentally. For the above sample, this change is
∆R1 = 0.008
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provides a value of ~0.3%. This corresponds to an increase in free volume, ∆V, of about
0.9%, which is consistent with known data regarding changes in the structure of amorphous
alloys during HPT [27,37].

It should be emphasized that the data on changes in the radii of coordination spheres
and changes in density (or excess free volume, determined by Formula (3)) are average
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values. The values of coefficients a and b, which characterize the volume fractions of the
unchanged amorphous phase (a) and shear bands (b), differ significantly: a >> b. This
means that the changes in the structure in the shear bands are much larger than those
observed. It is these large changes that lead to an increase in the diffusion coefficient in
these regions of several orders of magnitude, as noted in [36].

As noted above, during deformation, steps are formed on the surface of the sample
that characterize the places where shear bands emerge on the surface of the sample. The
number of shear bands, their morphology, and their location also depend on the elastic
constants of the material, as well as the type and degree of deformation. Figures 11 and 12
show SEM images of the surfaces of as-prepared amorphous Fe77Si13B10 and Al88Ni10Y2
alloys. The surfaces of the as-prepared alloys are smooth and do not contain any features.
Figures 13–17 shows the surface structure of the investigated alloys after deformation of
different types.
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Figure 17. SEM image of the surface of the amorphous Al88Ni10Y2 ribbon deformed by rolling
((ho-h)/ho ≈ 50%).

One can see that the surfaces of the deformed samples contain numerous steps corre-
sponding to shear bands. The size and number of steps depend on the type and degree of
deformation, as well as on the chemical composition of the alloy. The results of studying the
surface morphology of deformed amorphous alloys show that the number of shear bands
increases with the degree of deformation, which is indicated by the change in material
volume due to deformation. Such an increase in the number of steps with an increase in the
degree of deformation is illustrated in Figures 15 and 16. These figures show the surfaces
of Fe77Si13B10 samples after rolling. After the first rolling pass, steps are formed on the
surface, and their formation occurs unevenly. Thus, Figure 15 shows that some areas of the
surface do not contain steps, while in other places the formation of steps is noted. With
an increase in the degree of deformation, the number of steps increases, they lose their
rectilinear shape, and their multiple intersection with each other is observed (Figure 16).
The greater the number of shear bands, the greater, naturally, is the proportion of material
with a large first coordination sphere radius value (the mean nearest neighbor distance).

Based on the obtained images of the surface of the Fe77Si13B10 alloy deformed by
rolling (Figure 16), the total length of the steps on the surface was estimated. The frame size
in which the length of the shear bands was measured was 70.4 µm × 46.4 µm = 3267 µm2.

The length of the steps (L) was estimated using direct measurements from the images.
It was approximately 2100 µm in the image. If we assume that each step was formed
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as a result of the shear band coming to the surface, that the shear bands have the same
thickness throughout the sample, and that they do not multiply inside the sample, the
volume fraction of material (ν) in the shear band can be estimated. The volume fraction of
the amorphous phase in the shear bands can be determined from Formula (9):

ν = L ∗ δ/S (9)

where δ is a shear band thickness and S is the image area.
If we assume that the thickness of the shear band is 20 nm [14,16,22], and its density

is less than the density of the amorphous matrix by 10% [27,37], then the density of
the deformed amorphous sample will be 0.9987 ρ0 (ρ0 is the density of the undeformed
amorphous phase). This means that the change in density is 0.13%, which agrees with the
XRD data (Table 1).

In the above calculations it was assumed that the step corresponds to a single 20 nm-
thick shear band. At the same time, our studies of the fine structure of the bands using
atomic force microscopy [44] show that the steps observed using scanning electron mi-
croscopy, in turn, have a complex structure. They are formed as a result of the action of
several single shear bands. In addition, the difference in density of the deformed and
undeformed amorphous phases may be less than that indicated in [27,37]. For example,
in [72], this difference is 1.4%. In this case, the proportion of material in the shear bands
may differ.

The results obtained indicate that deformation of the amorphous phase contributes to
an increase in the fraction of free volume, which leads to an increase in the average radius of
the first coordination sphere (distance between atoms). It manifests itself in XRD patterns as
a shift of the diffuse maximum to the region of smaller angles. The change in the proportion
of free volume depends on the type and degree of deformation, as well as on the elastic
constants of the material. The results obtained are an example of such changes and are not
sufficient for an exhaustive analysis of the effect of the degree and type of deformation on
the value of free volume and its dependence on the listed parameters. This requires wider
research on a large group of amorphous alloys deformed under different conditions.

4. Conclusions

Changes in the structure of amorphous Zr62.5Cu22.5Al10Fe5, Fe77Si13B10, and Al-Ni-
La(Y) alloys prepared via melt quenching in the form of ribbons and/or rods (BMG) and
further deformed by the high-pressure torsion and multiple rolling methods were studied.
Both methods of deformation lead to the formation of steps on the sample surface due to
the formation of shear bands (regions of localized plastic deformation). These shear bands
are zones of enhanced free volume (lower density). The formation of shear bands leads to
an increase in the average radius of the first coordination sphere of the amorphous phase.
The change in mean nearest neighbor distance in an amorphous structure depends on the
conditions of the preparation of the material, the type and degree of deformation, and the
physical constants of the material (Young’s modulus, shear modulus).
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39. Şopu, D.; Scudino, S.; Bian, X.L.; Gammer, C.; Eckert, J. Atomic-scale origin of shear band multiplication in heterogeneous metallic

glasses. Scr. Mater. 2020, 178, 57–61. [CrossRef]
40. Ebner, C.; Escher, B.; Gammer, C.; Eckert, J.; Pauly, S.; Rentenberger, C. Structural and mechanical characterization of hetero-

geneities in a Cu Zr-based bulk metallic glass processed by high pressure torsion. Acta Mater. 2018, 160, 147–157. [CrossRef]
41. Dmowski, W.; Yokoyama, Y.; Chuang, A.; Ren, Y.; Umemoto, M.; Tsuchiya, K.; Inoue, A.; Egami, T. Structural rejuvenation in a

bulk metallic glass induced by severe plastic deformation. Acta Mater. 2010, 58, 429–438. [CrossRef]
42. Tong, Y.; Iwashita, T.; Dmowski, W. Structural rejuvenation in bulk metallic glasses. Acta Mater. 2015, 86, 240–246. [CrossRef]
43. Tong, Y.; Dmowski, W.; Bei, H. Mechanical rejuvenation in bulk metallic glass induced by thermo-mechanical creep. Acta Mater.

2018, 148, 384–390. [CrossRef]
44. Mironchuk, B.; Abrosimova, G.; Bozhko, S.; Pershina, E.; Aronin, A. Correlation between phase transformation and surface

morphology under severe plastic deformation of the Al87Ni8La5 amorphous alloy. J. Non-Cryst. Solids 2022, 571, 121279.
[CrossRef]

45. Aronin, A.S.; Louzguine-Luzgin, D.V. On nanovoids formation in shear bands of an amorphous Al-based alloy. Mech. Mater.
2017, 113, 19–23. [CrossRef]

46. Turnbull, D.; Cohen, M.H. Free—Volume Model of the Amorphous Phase: Glass Transition. J. Chem. Phys. 1961, 34, 120–125.
[CrossRef]

47. Cohen, M.H.; Grest, G.S. Liquid-glass transition, a free-volume approach. Phys. Rev. B 1979, 20, 1077–1098. [CrossRef]
48. Wen, P.; Tang, M.B.; Pan, M.X.; Zhao, D.Q.; Zhang, Z.; Wang, W.H. Calorimetric glass transition in bulk metallic glass forming

Zr-Ti-Cu-Ni-Be alloys as a free-volume-related kinetic phenomenon. Phys. Rev. B 2003, 67, 212201. [CrossRef]
49. Yavari, A.R.; Moulec, A.L.; Inoue, A.; Nishiyama, N.; Lupu, N.; Matsubara, E.; Botta, W.J.; Vaughan, G.; Michiel, M.D.; Kvick, Å.

Excess free volume in metallic glasses measured by X-ray diffraction. Acta Mater. 2005, 53, 1611–1619. [CrossRef]
50. Haruyama, O.; Inoue, A. Excellent Soft-Ferromagnetic Bulk Glassy Alloys with High Saturation. Appl. Phys. Lett. 2006, 88, 131906.

[CrossRef]
51. Dmowski, W.; Iwashita, T.; Chuang, C.P.; Almer, J.; Egami, T. Elastic Heterogeneity in Metallic Glasses. Phys. Rev. Lett. 2010,

105, 205502. [CrossRef]
52. Chen, S.; Xu, D.; Zhang, H.; Chen, H.; Liu, Y.; Liang, T.; Yin, Z.; Jiang, S.; Yang, K.; Zeng, J.; et al. Reversible linear-compression

behavior of free volume in a metallic glass. Phys. Rev. B 2022, 105, 144201. [CrossRef]
53. Li, Q.-K.; Li, M. Free Volume Evolution in Metallic Glasses Subjected to Mechanical Deformation. Mater. Trans. 2007, 48, 1816–1821.

[CrossRef]
54. Xu, Y.; Fang, J.; Gleiter, H.; Hahna, H.; Lib, J. Quantitative determination of free volume in Pd40Ni40P20 bulk metallic glass. Scr.

Mater. 2010, 62, 674–677. [CrossRef]
55. Hu, Q.; Zeng, X.-R.; Fu, M.W. Characteristic free volumes of bulk metallic glasses: Measurement and their correlation with

glass-forming ability. J. Appl. Phys. 2011, 109, 053520. [CrossRef]
56. Degtyarev, M.V.; Chashchukhina, T.I.; Voronova, L.M.; Patselov, A.M.; Pilyugin, V.P. Influence of the relaxation processes on the

structure formation in pure metals and alloys under high-pressure torsion. Acta Mater. 2007, 55, 6039–6050. [CrossRef]
57. Zhilyaev, A.P.; Langdon, T.G. Using high-pressure torsion for metal processing: Fundamentals and applications. Prog. Mater. Sci.

2008, 53, 893–979. [CrossRef]
58. Waseda, Y. The Structure of Non-Crystalline Materials: Liquids and Amorphous Solids; McGraw-Hill International Book Company:

New York, NY, USA, 1980.
59. Bhatia, A.B.; Thornton, D.E. Structural Aspects of the Electrical Resistivity of Binary Alloys. Phys. Rev. B 1970, 2, 3004. [CrossRef]
60. Salmon, P.S. The structure of molten and glassy 2:1 binary systems: An approach using the Bhatia—Thornton formalism. Proc. R.

Soc. Lond. Ser. A Math. Phys. Eng. Sci. 1992, 437, 591–606. [CrossRef]

http://doi.org/10.1088/1361-651X/ac7c82
http://doi.org/10.1038/srep21852
http://www.ncbi.nlm.nih.gov/pubmed/26899145
http://doi.org/10.1557/JMR.2009.0001
http://doi.org/10.1016/j.mser.2013.04.001
http://doi.org/10.1016/j.scriptamat.2005.09.052
http://doi.org/10.1063/1.4826117
http://doi.org/10.1038/srep25832
http://doi.org/10.1016/j.ultramic.2014.03.006
http://doi.org/10.1016/j.actamat.2016.03.035
http://doi.org/10.1016/j.scriptamat.2019.11.006
http://doi.org/10.1016/j.actamat.2018.08.032
http://doi.org/10.1016/j.actamat.2009.09.021
http://doi.org/10.1016/j.actamat.2014.12.020
http://doi.org/10.1016/j.actamat.2018.02.019
http://doi.org/10.1016/j.jnoncrysol.2021.121279
http://doi.org/10.1016/j.mechmat.2017.07.007
http://doi.org/10.1063/1.1731549
http://doi.org/10.1103/PhysRevB.20.1077
http://doi.org/10.1103/PhysRevB.67.212201
http://doi.org/10.1016/j.actamat.2004.12.011
http://doi.org/10.1063/1.2189833
http://doi.org/10.1103/PhysRevLett.105.205502
http://doi.org/10.1103/PhysRevB.105.144201
http://doi.org/10.2320/matertrans.MJ200785
http://doi.org/10.1016/j.scriptamat.2010.01.025
http://doi.org/10.1063/1.3549819
http://doi.org/10.1016/j.actamat.2007.04.017
http://doi.org/10.1016/j.pmatsci.2008.03.002
http://doi.org/10.1103/PhysRevB.2.3004
http://doi.org/10.1098/rspa.1992.0081


Materials 2023, 16, 1321 17 of 17

61. Mattern, N.; Kühn, U.; Hermann, H.; Ehrenberg, H.; Neuefeind, J.; Eckert, J. Short-range order of Zr62−xTixAl10Cu20Ni8 bulk
metallic glasses. Acta Mater. 2002, 50, 305–314. [CrossRef]

62. Louzguine-Luzgin, D.V.; Belosludov, R.; Yavari, A.R.; Georgarakis, K.; Vaughan, G.; Kawazoe, Y.; Egami, T.; Inoue, A. Structural
basis for supercooled liquid fragility established by synchrotron-radiation method and computer simulation. J. Appl. Phys. 2011,
110, 043519. [CrossRef]

63. Louzguine-Luzgin, D.V.; Georgarakis, K.; Andrieux, J.; Hennet, L.; Morishita, T.; Nishio, K.; Belosludov, R.V. An atomistic study
of the structural changes in a Zr–Cu–Ni–Al glass-forming liquid on vitrification monitored in-situ by X-ray diffraction and
molecular dynamics simulation. Intermetallics 2020, 122, 106795. [CrossRef]

64. Skryshevskii, A.F. Structure Analysis of Liquids and Amorphous Solids; High School: Moscow, Russia, 1980.
65. Abrosimova, G.E.; Aronin, A.S. Effect of the Concentration of a Rare-Earth Componenton the Parameters of Nanocrystalline

Structure in Aluminum-Based Alloys. Phys. Solid State 2009, 51, 1765–1771. [CrossRef]
66. Zeng, Q.S.; Li, Y.C.; Feng, C.M.; Liermann, P.; Somayazulu, M.; Shen, G.Y.; Mao, H.-K.; Yang, R.; Liu, J.; Hu, T.D.; et al. Anomalous

compression behavior in lanthanum/cerium-based metallic glass under high pressure. Proc. Natl. Acad. Sci. USA 2007, 104,
13565–13568. [CrossRef]

67. Naudon, A.; Frank, A.V. Relationship between space correlated fluctuations and initial alloy composition in some metallic glasses.
J. Non-Cryst. Solids 1984, 61–62, 355–360. [CrossRef]

68. Ramachandrarao, P.; Cantor, B.; Cahn, R.W. Viscous behaviour of undercooled metallic melts. J. Non-Cryst. Solids 1977, 24,
109–120. [CrossRef]

69. Egami, T. Structural relaxation in amorphous alloys—Compositional short-range ordering. Mater. Res. Bull. 1978, 13, 557–562.
[CrossRef]

70. Williams, R.; Egami, T. Effect deformation and annealing on magnetic amorphous alloys. IEEE Trans. Mag. 1976, 12, 927–929.
[CrossRef]

71. Murali, P.; Ramamurty, U. Embrittlement of a bulk metallic glass due to sub-Tg annealing. Acta Mater. 2005, 53, 1467–1478.
[CrossRef]

72. Pan, J.; Chen, Q.; Liu, V.; Li, Y. Softening and dilatation in a single shear band. Acta. Mater. 2011, 59, 5146–5158. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

http://doi.org/10.1016/S1359-6454(01)00341-X
http://doi.org/10.1063/1.3624745
http://doi.org/10.1016/j.intermet.2020.106795
http://doi.org/10.1134/S1063783409090017
http://doi.org/10.1073/pnas.0705999104
http://doi.org/10.1016/0022-3093(84)90574-X
http://doi.org/10.1016/0022-3093(77)90065-5
http://doi.org/10.1016/0025-5408(78)90178-2
http://doi.org/10.1109/TMAG.1976.1059247
http://doi.org/10.1016/j.actamat.2004.11.040
http://doi.org/10.1016/j.actamat.2011.04.047

	Introduction 
	Materials and Methods 
	Results and Discussion 
	Conclusions 
	References

